In a paper presented last year2 I embraced the results of some years' study on the conditions that control the movements of the sockeye salmon in freshwater during the period of the upstream migration when it is seeking the spawning grounds of its species. I pointed out that the streams of the Pacific coast which are utilized by the salmon for migration routes are also peculiarly adapted to utilization for power purposes and that this produced serious complications which could only be solved by intensive study of the habits of the fish. Observations were then reported to show that the sockeye in its upstream migration is definitely and primarily influenced by two physical factors: namely, the direction of the stream flow and the temperature of the water. The former influence determines the constant effort of the fish to pursue its course upstream. The temperature of the water serves to determine the choice of the fish at stream junctions where the sockeye selects definitely the stream having the lower temperature, and in the selection of spawning areas.
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By HENRY B. WARD DEPARTMENT OF ZOOLOGY, UNIVERSITY Or ILLINOIS Read before the Academy, November 21, 1928 In a paper presented last year2 I embraced the results of some years' study on the conditions that control the movements of the sockeye salmon in freshwater during the period of the upstream migration when it is seeking the spawning grounds of its species. I pointed out that the streams of the Pacific coast which are utilized by the salmon for migration routes are also peculiarly adapted to utilization for power purposes and that this produced serious complications which could only be solved by intensive study of The effect of the temperature stimulus was particularly noticeable at the power house where the discharge from the turbines formed a stream distinctly colder than the normal flow of the river, so that at the point where the discharge joined the remnant of the original stream the salmon were led to enter the tail race and fight the fierce current there in a vain effort to make their way up stream. These observations were confirmed this year and additional evidence was secured in that the fish later carried definite marks of the struggle in the form of abrasions of the skin and other bodily injuries produced by violent contact with definite areas such as portions of the concrete wall and the margins of the draft tubes. When worn out and injured the fish fell back and after resting endeavored to find another route for making the ascent of the stream. They were then too lacking in vigor to make the ascent of the fish ladder. Consequently, it appears clear that installations provided to assist the fish in surmounting such an obstruction in the stream must be placed where the fish can be diverted below the entrance to the tail race. Furthermore, to avoid the complications due to the mixing of waters different in temperature the point chosen for diverting the fish into a trap should be sufficiently far downstream that if waters of different temperature have been mixed the stabilization of the stream has been re-attained.
A very definite direct effect of the temperature stimulus was shown by observations at Sulphur Creek, one of the small tributaries of the Baker River which empties into that stream just above the head of the artificial reservoir, Lake Shannon, created by the construction of the dam. Sulphur Creek originally carried water sufficiently impregnated to be noticeable and when I studied the river some years ago it did not attract the migrating salmon. Since that time the upper waters of the creek have been entirely diverted for power purposes and the present discharge comes from several large springs only half a mile above the mouth of the stream. The water is of exceptional quality and lower in temperature than that of the Baker River into which it flows. This summer it was found that some sockeyes had left the river and were lying in pools near the mouth of this creek, having been diverted from the normal migration route apparently by the temperature of the water. The volume of the creek is so small in comparison with that of the river that evidently only those fish which chanced to move up river close to the discharge of the creek water would come under the influence of the lower temperature and be attracted into Sulphur Creek.
The definiteness of the response to the stream influence was well illustrated by another experiment tried this year. Some fifty fish which had been lifted over the dam were towed in a crate about four miles to the point in the lake known as "the narrows" and after being tagged were thrown overboard. The fish naturally struck the water in all sorts of ways. As they started to swim they oriented themselves positively without a single exception in two ways: first, toward the mouth of the river which lay several miles beyond at the upper end of the narrow stretch, and second, toward the cooler water at the bottom of the lake.
As the fish struck the water each one swam definitely and without hesitation, turning clockwise and making in some cases a full half-circle or a little more in those instances where such a turn did not involve more than 240 degrees approximately. The turn brought them head on in line with the main channel. At the same time each one directed its course obliquely down so that after traveling 100 feet or more it was lost to sight in deeper water. The movement into deeper water was determined possibly by two factors, namely, the lower temperature of the water into which the fish moved and also the reduced illumination of that region. The sockeyes are not violently photophobic, although their movements are restricted if not entirely held up during the hours of the day when the water is most brilliantly illuminated by the rays of the sun. They are particularly active in the morning and afternoon hours and on days sufficiently cloudy to reduce distinctly the illumination of the water.
The number of fish captured and lifted over the dam was unfortunately small this year but of the number secured only a fraction has completed the migration route and reached Baker Lake in which this run normally spawns. In all 2110 sockeyes were put over the dam and up to October 11 only 901 had been captured at Baker Lake where the trap maintained across the outflowing river insures the capture of all sockeyes reaching that point. Last year 4158 sockeyes were put over the dam and 1328 were captured at Baker Lake. Since the condition of the fish was not good either year, part of the discrepancy may be explained by the physical condition of the fish, but this is hardly adequate to account for the large number that have disappeared between the two points. Evidence was sought but not secured that the salmon are definitely attracted to other spawning grounds except by the conditions found at Sulphur Creek and described above. It is known that cold springs exist below the surface level of Lake Shannon and with the drop in water level as the water is utilized for power purposes such areas maybe brought intowater sufficiently shallow to furnish conditions known at ordinary spawning grounds of the species. Indeed, one cannot say positively that the depth at any place would be sufficient to inhibit the spawning of the fish although so far as is known the species spawns in relatively shallow water. I have outlined a program for the frequent periodical examination of certain areas with a view to secure evidence on this point. The murky, glacial waters of the Baker River preclude observations on conditions even a few inches below the surface of the stream and these conditions exist for some distance beyond the point at which the river water is discharged into the lake, but the water clears up between the head of the lake and the dam except where it is in places roiled by wash from the shores.
Observations at the fish ladder showed that the sockeyes were disinclined to enter even though conditions had been made easy. Their reluctance did not seem to be modified by changes in the volume, the depth of the water, or the temperature as experiments conducted at different times with modification of each of these factors did not materially affect the results. Again and again it was observed that the fish nosing along the barrier would recognize the entrance to the trap and even test the water there by poking the head into the opening only to withdraw and proceed to search further, definitely rejecting the opportunity offered. Furthermore after being attracted to the first pools of the ladder they spent much time nosing along the sides of the boxes, even lifting themselves out of the water as they tested apparently the character of the barrier from point to point. They also jumped along the sides much more frequently than they did at the inflow into the pool from the higher level and made further not infrequent efforts to escape at the point of outflow from the pool where the entrance was trapped to prevent the fish returning down stream. All of these activities seem to show distinctly that the fish were dissatisfied with the conditions into which they had been brought so definitely as to seek to escape down stream rather than to continue the normal movement up stream against the current. The most probable explanation of this reversal of the ordinary response appears to be the quality of the water. At some other points I have observed previously that the salmon will not enter streams which carry water of uncertain quality. This has been definitely referred to in the description of conditions some years ago at Sulphur Creek. The very highly developed olfactory organs of fish and experimental evidence of other studies on the reactions of fish suggest that the conduct of the sockeyes here was conditioned by the quality of the water. Two factors may be suggested as possibly having modified the quality of the water in this case. Extensive alterations had been carried out in the form, depth and volume of the pools of the ladder. These changes were effected by wood construction. The entire environment at the entrance to the ladder was of fresh sawn, rough lumber. This may have affected the water. Again the fish which remained even a short time in the pools of the ladder became very badly fungused and thereafter made no effort to advance further, choosing rather to lie almost motionless resting in the water. However, in swimming or floating around the pool listlessly they came in frequent contact with the walls which were thus smeared with contaminated mucus from the surface of the fish. It is not unlikely under these circumstances that the polluted water would repel those sockeyes which were testing in the fashion already described the quality of the stream emerging from the ladder.
Brief reference was made in the previous paper to the down-stream movement of the young sockeyes. These fish, which are known as migrators, start down stream from the lake in which they spend their first year in the late winter or early spring following the year in which they were hatched. Observations at Baker Lake and in Baker River have not been sufficiently definite to justify making an absolute statement as to dates and other details of the movement there. However, this part of the migration has been carefully watched at some other places and probably conditions do not vary greatly in general here. Elsewhere the young fish gather near the mouth of the lake and start down stream at a rather definite time. Here, after the trip down stream from Baker Lake, they have been observed moving along the shores of the artificial reservoir, Lake Shannon, and accumulating near the dam in large numbers. When the gates are opened these fish go out with the water and down the stream further. No evidence has yet been secured to show what part of the group makes successfully the drop down the surface of the dam and the passage through the turbulent waters at its base.
But it is doubtful if all the migrators attempt to leave Lake Shannon in this manner. What comes of those which do not? In my previous paper I wrote as follows:
"It is certainly true that large numbers of what are probably red salmon remain in the lake and after the surface waters warm up, seek the deeper spots. They apparently retire below the thermocline when it is formed and spend the summer in the deeper waters. There is no evidence to show whether they return to the surface after the fall overturn and continue their downstream migration or whether by virtue of the stop in their oceanward migration, they become a landlocked variety."
Last year a few small strange fish were caught spawning on the sockeye spawning grounds at Baker Lake. These fish were apparently dwarf sockeyes and a few eggs which were secured, fertilized and hatched, gave rise to typical sockeye fry. The discovery did not lead to any particular comment then and was not called to my attention. This year a considerable number of similar fish were captured about the end of August. They are a dwarf variety of the sockeye and correspond closely to the landlocked variety of the species as known at other points. Since the fish are too small to be caught in the net at the outlet of Baker Lake and were only taken by chance it is impossible to form any accurate idea of the number involved but the number that appeared this year was very much larger than was seen last year. One can hardly doubt that there has been established a race of sockeyes that is physiologically landlocked. Some of the migrators which went downstream were evidently led in Lake Shannon to abandon the shore water along which the group was moving and to seek the deeper water. Possibly they represent the earliest arrivals which in the lapse of time lost the impulse to move downstream owing to the absence of a current in the lake and to their continuance in water that was current free. It should be noted that these are just the conditions which confront the migrators on emerging from the river into the sea. At that time the next move of the young fish is to seek deeper water. If through artificial interference with the current stimulus that is afforded by the stay in Lake Shannon, any migrator is led to carry out the impulse that succeeds next in the normal life history, such a fish would naturally move into the deeper water of the lake.
It may be also that the warming up of surface water in the lake due to the rising temperature as spring advances, establishes unfavorable conditions and further influences some of the migrators to seek deeper water. Another factor in the situation may be the gradually increasing amount of effective illumination of the water which comes with the lengthening of the days and the more nearly vertical rays of the sun. Whatever the factor or factors involved it is clear that once the young fish have moved into the darker, cooler depths of the lake they are physiologically imprisoned. They will not be acted upon by environmental conditions which impel them to migrate further but will remain in this region until growth and the approach of reproductive activities stimulate them to a new course of action.
It was noted this summer that with the warming of the surface waters in Lake Shannon the fishermen reported that fishing was poor. All the young fish had left the surface and those caught at later periods were all taken from water below the warm surface stratum. The conditions in this stratum this year were identical with those reported last year. During August the surface water reached the temperature of 68 and even 70'F. This warm surface stratum was not thick and the cooler water occurred at a depth of 12 to 15 feet.
The landlocked variety of the sockeye as known at other points is greatly inferior in size and weight to the normal race and these conditions would naturally be accentuated in a new body of water like Lake Shannon where the supply of food must be scanty at best. These fish ripen at an early age and moved by the reproductive stimulus would migrate upstream, reaching thus naturally the spawning grounds in Baker Lake. This part of the run would be of no commercial value and would contribute to the support of the run in the stream only in a very indirect fashion. Since ZOOLOGY: H. B. WARD VOL. 15, 1929 the formation of the landlocked variety is due directly to the installation of a power dam, the condition just described presents evidently another difficulty in providing for the maintenance of the sockeye run in this stream. Under the best of circumstances a part of the run, and for all we know a considerable portion, has been cut out of that which reaches the ocean and participates in the part of the life cycle which is of commercial importance.
The double loss at the power dam, namely, in the adult fish which come up the river but do not reach the normal spawning grounds and in the young fish which come down the river but which never reach the ocean, increases so greatly the difficulties inherent in the situation that one is brought to inquire whether the problem of preserving this valuable natural resource cannot be handled in some other fashion. While the method of catching the adults and getting them over the dam can certainly be greatly improved, nevertheless it is difficult to see how the difficulties associated with the downstream movement of the migrators can be effectively surmounted. It might be possible to install below the dam facilities for capturing, holding, and spawning the adults and then hatching the eggs. Under these circumstances the double loss would be avoided. Hatchery methods are sufficiently developed to justify definite predictions with reference to the number of fry which can be secured under these conditions provided the factors of water supply, etc., are properly guarded. However, the studies of Gilbert on the scale markings of the salmon have demonstrated that no sockeye returns from the ocean to freshwater except those which give evidence of having passed one year in freshwater before entering the sea. Consequently if the method proposed above is to be adopted it must include the installation of proper breeding ponds and the feeding of the fry until they have reached the appropriate age for release into the river. I think it is not beyond the ability of the fish culturist to control these conditions on the basis of present knowledge and apparently the difficulties in the situation are far less than those which confront one seeking to solve the problem of power dams and salmon migration under any other conditions yet suggested.
